[1] The long-term erosional evolution of relief is revealed by low-temperature thermochronometric data, whereas geomorphic features give constraints on the short-term evolution. We discuss the topographic evolution of northeastern Corsica by fission track and (U-Th)/He dating of apatite, the provenance of Neogene alluvial sediments, an analysis of uplifted strath terraces, and the shape of river profiles. Cooling ages indicate high cooling rates of up to 40°C/Myr during the early-middle Miocene, when this region was affected by extensional tectonics. Cooling rates are less than 7.5°C/Myr from the middle Miocene to the present, when topographic perturbations are detected by variations in the source areas of middle-to-late Miocene alluvial sediments and by the presence of large-scale irregularities along modern river longitudinal profiles. We suggest that the contrast of slow long-term erosion rates and the high local relief in the present Corsican landscape require that the landscape be in a transient state in response to a recent tectonic event.
Introduction
[2] The topographic state of an orogen is the result of two primary coupled processes: tectonic uplift of rocks and erosion, which tend naturally toward equilibrium, or a steady state [Willett and Brandon, 2002, and references therein] . Thus the topographic state of an orogen is linked to its erosional state, and this linkage permits derivation of constraints on the evolution of topography from thermochronological data [Burbank, 2002] . Low-temperature chronometers such as apatite fission track and (U-Th)/He can provide constraints on the long-term erosional evolution of an orogen, typically at $10 6 year timescales. Erosion rates can be estimated directly from cooling ages on the basis of the age-elevation relationships in situations where older cooling ages are found at the higher elevations [e.g., Stüwe et al., 1994; Mancktelow and Grasemann, 1997] . However, in an area undergoing rapid erosion or for low closure temperature chronometers the age-elevation relationship can be significantly affected by advection or topographic bending of isotherms [Stüwe et al., 1994; Mancktelow and Grasemann, 1997; Braun, 2002] . Perturbations of isotherms involves deflections related to the elevation and wavelength of surface topography, to the geothermal gradient and the rate of erosion. Topographic deflections of isotherms decreases exponentially with depth [Turcotte and Schubert, 1982] , and therefore in most situations only lowtemperature isotherms are significantly perturbed by relief [Stüwe et al., 1994; Mancktelow and Grasemann, 1997; Braun, 2002] . The age-elevation relationship can be disrupted also by faulting, and the distribution of cooling ages in an area can reflect the different exhumation rates and times of the walls of a fault [e.g., Stockli et al., 2003] . Moreover, erosion and topography can have short-term fluctuations which cannot be detected by thermochronology because such measurements are averaged over a long time period. Short-term fluctuations can be related to climate changes which may vary with rates of about 10 5 years [Burbank, 2002] .
[3] Constraints on the short-term rates and patterns of erosional and uplift evolution of an orogen can be derived by geomorphic features such as strath terraces along bedrock channels and the shape of river longitudinal profiles [e.g., Pazzaglia et al., 1998 ]. The elevation of strath terraces along bedrock channels permits estimates of stream incision rates, which generally constrain erosion rates at a 10 5 -10 4 year timescale. River longitudinal profiles can provide some predictions on spatial variations of rock uplift rates and on the steadiness of a fluvial landscape. Under steady conditions the regional pattern of bedrock incision rates correspond closely with the pattern of long-term erosion rates indicated by low-temperature thermochronometers [Pazzaglia and Brandon, 2001] . Thus the comparison between long-term and short-term erosion rates can provide a key for the understanding of the relation between erosion and rock uplift [Pazzaglia and Brandon, 2001; Willett and Brandon, 2002] ; that is, if long-term and short-term erosion rates show similar patterns and magnitudes, then conditions of topographic steady state might be expected.
[4] In the first section of this paper, the long-term erosional evolution of northeastern Corsica is examined from the perspective of apatite fission track and (U-Th)/ He ages. Moreover, the age-elevation relation is examined through thermal modeling and integration with geological data in order to analyze the role of thermal perturbations. The second section of this work aims to compare long-term and short-term erosion rates in the study area. Short-term erosion rates can be approximated at least locally by incision rates of rivers derived from the analysis of strath terraces along bedrock channels. Spatial variations in uplift rate can be inferred from analysis of river longitudinal profiles.
Geological Setting
[5] Northeastern Corsica consists mostly of metamorphic rocks, the so-called Alpine units, which are in contact with the granitoid rocks of the Hercynian basement exposed in western Corsica (Figure 1 ). The Alpine units comprise oceanic rocks of Jurassic age and their sedimentary cover, folded together with slices of Hercynian granitoids (e.g., the Tenda and Farinole-Oletta orthogneiss). The lower Alpine units (''Schistes Lustrés'' s.l.) suffered blue-schist facies conditions and were accreted westward from Late Cretaceous to Eocene [Cohen et al., 1981; Gibbons and Horak, 1984; Caron, 1994; Tribuzio and Giacomini, 2002] . The upper Alpine units, e.g., the Nebbio and Balagne units, were thrusted westward and experienced anchi-metamorphic conditions.
[6] During the Oligocene, the high-grade Alpine units were exhumed to low-pressure conditions in a state of regional extension which reactivated the Alpine contacts as normal shear zones [Jolivet et al., 1991; Daniel et al., 1996; Brunet et al., 2000] . The inversion of the Alpine thrusts brought the ''Schistes Lustrés'' s.l. in contact with the low-grade Alpine units which were preserved from denudation in the core of large-scale synclines. During the early to middle Miocene, the Alpine units cooled to low temperatures less than $100°C, as indicated by apatite fission track data Zarki-Jakni et al., 2004] , and the Corsica-Sardinia block drifted off from southern France to its present position as the western Mediterranean basins formed [Vigliotti and Langenheim, 1995] . Shallow water sediments were deposited above the low-grade Alpine units in small Miocene basins, namely in the St. Florent, Francardo and Corsica basins [OrszagSperber and Pilot, 1976] . The St. Florent and Francardo basins are presently exposed subaerially on Corsica and consist of alluvial and shallow marine sediments of Burdigalian to middle Serravallian age [Ferrandini et al., 1998; Cubells et al., 1994] . The Corsica basin is the deepest part of the North Tyrrhenian sea and its western margin is exposed onshore in the Aleria plain where the marine sedimentary record spans from Burdigalian to lower Pliocene [Caron and Loÿe-Pilot, 1990] . The extensional deformation recorded by the sedimentary basins of Corsica during Miocene, and by the Alpine units during Oligocene have been interpreted as related to the extension in the backarc area of the Apennines orogen [e.g., Jolivet et al., 1999, and references therein] . Since late Miocene no major tectonic events have affected Corsica, but instead affected the Tyrrhenian sea, whose opening has been related to the eastward migration of back-arc extension. Transpressive faults affecting the St. Florent, the Aleria successions and also the Alpine units suggest that far-field compressional stresses have affected northeastern Corsica during the middle Serravallian -Tortonian and Pliocene-Quaternary [Fellin et al., 2005] .
Thermochronological Data
[7] Fission track dating of zircon (ZFT) and apatite (AFT) is commonly used to quantify timing and rates of exhumation through temperatures of about 240°C [Brandon et al., 1998 ] and 110°C [e.g., Gallagher et al., 1998 ], respectively. Apatite (U-Th)/He dating (AHe) is used in similar ways, but has a lower closure temperature, 70°C Farley, 2000] . For details on the analytical procedures of the dating methods see Appendix A.
[8] In this paper we present new AFT and AHe data from northeastern Corsica (Figure 1, Tables 1a -1c) , integrated with previous ZFT and AFT data by Zattin et al. [2001] and Cavazza et al. [2001] . New bedrock AFT ages are in the same range depicted by Cavazza et al. [2001] , between 20 to 13 Ma, whereas AHe age range from 8 to 20 Ma. Three samples yield AHe ages much younger than AFT ages, and AFT and AHe ages are significantly different only for samples with AFT ages younger than 16 Ma (Figure 2 ). Four samples show AFT and AHe age differences of approximately ±1 Ma, which is within the range of 2s analytical error for these ages, implying rapid cooling at this time for these samples.
[9] The new bedrock AFT samples did not contain suitable crystals for the measurement of AFT track lengths but track length measurements by Cavazza et al. [2001] (see also Tables 1a -1c) clearly showed that mean track lengths are persistently higher than 13.5 mm and in most cases showed a unimodal, fairly symmetric and narrow track length distribution.
[10] To constrain the relationship between erosion and sedimentation during the Miocene, we dated a pebble from the upper Burdigalian -lower Langhian sediments (depositional age $16.5 Ma [Fellin et al., 2005] ) of the St. Florent basin (sample TE48, Figure 1 ). It gave an age of 18.2 ± 3.7 Ma, similar to the AFT ages of the bedrock exposed at present in its probable source area, the Tenda massif. This result is consistent with a similar detrital age of 17.6 ± 2.4 Ma in the St. Florent basin reported by Zarki-Jakni et al. [2004] .
[11] One of the most striking features of the thermochronologic data is the roughly inverse correlation between age and elevation ( Figure 2) . Moreover, at low elevations, AFT and AHe ages are similar, whereas, at higher elevations, their age difference increases. An inverse age-elevation relationship could be related to topographic thermal pertur- Jourdan [1988] , and Rossi et al. [1994] . (d) Sketch cross section across northeastern Corsica modified after Daniel et al. [1996] ; for location, see AA 0 in Figure 1c .
bations [Braun, 2002] . Alternatively, the observed age distribution pattern might be related to differential exhumation rates and times due to faulting. Thermal model can test these two hypothesis as discussed in the following sections.
Inferred Cooling Rates and Closure Temperatures
[12] Any thermal modeling involving cooling ages is necessarily based on the closure temperature of the adopted thermochronometric system, and on the conversion of the closure temperature to closure depth. In order to assign a closure temperature and depth to a low-temperature thermochronometric system, one should take into account the thermal structure of the crust and its dependence on erosion rate and other thermal parameters as discussed in the following paragraphs.
[13] Through the Dodson relation and using a steady state erosion solution for the advective heat flow problem, it is possible to relate cooling ages to erosion rates, closure temperatures and depths as described by Brandon et al. [1998] . Calculations require the assumption of parameters describing the initial thermal structure of the crust including the surface temperature (15°C), the thermal diffusivity (32 km 2 /Myr) and a layer thickness representing the depth at which temperature is assumed to be constant (30 km).
[14] Closure temperatures are most sensitive to two parameters, the background geothermal gradient and the erosion rate. At present, in Corsica the heat flux ranges between 60 and 90 mW m À2 from south to northeast [Pasquale et al., 1997] , and according to thermal modeling in southern Corsica temperatures of 206°± 17°C and 142°± 17°C are expected at depths of $10 and $5 km, respectively [Verdoya et al., 1998 ]. The present thermal regime has been interpreted as related to a warming phase during the formation of the western Mediterranean basins from Oligocene to middle Miocene. Thus given the north and east trending increase of heat flux and the warming phase, a relatively high geothermal gradient is suggested for thermal modeling in the study area. Our thermal history interpretation is based on an initial (preerosion) geothermal gradient of 35°± 5°C/km which can be considered an average value during the waxing of the Miocene thermal anomaly in the area.
[15] Taking into account the range of cooling ages and varying the geothermal gradient between 30°and 40°C/km, estimated cooling rates, closure temperatures and depths vary within relatively narrow ranges. For each thermochronometer the resulting ranges of cooling rate, closure temperature and depth are listed in Table 2 . It is worth noting that the inferred cooling rates are averaged over the time elapsed between the onset of cooling through the critical isotherm and the present (i.e., between the early to middle Miocene and the present). In contrast, the observation that most ZFT, AFT and AHe ages are early-middle Miocene suggests that erosion and cooling rates were higher during this time. This is clearly shown by the time-temperature (Tt) paths of Figure 3 which summarizes the calculation of Table 2 . High early to middle Miocene cooling rates are also consistent with observed track lengths which show means higher than 13.5 mm . The assumption of a constant rate of erosion made in the preceding analysis is not consistent with this observation.
[16] As an alternative to the steady state thermal model used above, we can assume a cooling rate and estimate closure temperatures directly through the Dodson relation [Brandon et al., 1998] . A rough estimate of the early-middle Miocene cooling rates can be derived from mineral pair ages: given age differences of $1 Myr, and a closure temperature difference of $40°C between AFT and AHe systems, cooling rates correspond to $40°C/Myr. For this cooling rate, the inferred closure temperatures correspond to $75°C for the AHE system, $120°C for the AFT system and over 300°C for the ZFT system. These closure temperatures are significantly higher than those predicted from the steady state model, and this suggests that closure temperature values determined from cooling ages alone should be regarded as minimum closure temperatures. ); N d , number of tracks counted. P (c) 2 is (c) 2 probability [Galbraith, 1981; Green, 1981] . Age is the sample central fission track age [Galbraith and Laslett, 1993] calculated using the zeta calibration method [Hurford, 1990] and dosimetry glass CN5. All UTM coordinates refer to quadrangle 32. The mean zeta value obtained following Hurford [1990] and used for age calculation is 352.3 ± 27.5. 
Thermal History Interpretation
[17] The negative correlation between age and elevation is intriguing and we see two possible explanations which we investigate here. The first hypothesis is that this correlation is due to spatial variation in erosion rate associated with a large decrease in topographic relief. The second hypothesis is that the different cooling histories reflect exhumation by normal faulting. In this section, we consider what magnitude of differential exhumation is needed in either model to produce the observed age difference.
[18] The age-elevation correlation is investigated in two different areas: (1) the St. Florent region ( Figure 4 ) and (2) the Tenda crystalline massif ( Figure 5 ). The models are based on the distance-elevation profiles of samples, on the time-temperature paths and on the closure temperatures discussed in the previous section.
[19] 1. Samples TE6 and TE7 are located in the St. Florent region, their elevation difference is approximately 300 m and their horizontal distance is $4.3 km. Sample TE6 comes from the high-grade Oletta orthogneiss (HP Alpine unit), and sample TE7 from the low-grade Nebbio unit. As shown in Figure 4 , the overlapping AFT and AHe ages of sample TE7 together with its mean track length of 13.93 ± 0.19 mm indicate very rapid cooling of the Nebbio unit through temperatures of $110°to $60°C between 19 and 16 Ma. The cooling ages of sample TE6 constrain the exhumation of the HP Alpine unit from $236°C at 19 Ma to 60°C at 11.8 Ma, and both its ages and its mean track length (13.90 ± 0.19 mm) indicate very rapid cooling. Thus both the Nebbio and the HP Alpine units cooled rapidly but at 19 Ma the Nebbio unit was at a temperature between 110°a nd 60°C whereas the HP Alpine unit was at 236°C. If we assume that there has been no vertical movement of the HP Alpine unit with respect to the Nebbio unit since Miocene (Figure 4d) , the difference in temperature between the two units at $19 Ma has to be related to a vertical deflection of the isotherms. Assuming a geothermal gradient of 35°± 5°C/km, the vertical deflection of the 236°C isotherm is 3.5 km. Varying the geothermal gradient between 40°and 30°C/km, the vertical deflection ranges from 3.1 to 3.9 km. The alternative model, assuming no relief decrease but relative vertical motion in response to normal faulting, suggests 3.5 ± 0.4 km rock uplift of the HP Alpine with respect to the Nebbio unit (Figure 4e ).
[20] 2. Five samples were collected in the Tenda crystalline massif along an 11 km horizontal southwest-northeast transect, at elevations between 220 and 1509 m ( Figure 5 ). TE36 and TE28 are located at the two ends of the transect and show overlapping AFT and AHE ages, indicating a relatively high cooling rate between 19 and 21 Ma. A high Farely, 2002] ; mwar, mass-weighted average radius (or simply radius for single grains). cooling rate is consistent with the very high mean track length of both samples (14.61 ± 0.20 mm and 14.82 ± 0.13 mm, respectively) The remaining three samples are located in the core of the massif and, together with sample TE28, they show a trend of ages increasing from southwest to northeast. Where available, the mean track length does not show significant variation either with sample age or location, and it indicates high cooling rates for all samples. Samples TE36 and TE31 are located at 360 m and at 1509 m, respectively, i.e., at the foothills and near the top of the most elevated part of the massif, and show the highest difference in age. The time-temperature paths of these two samples show that for example at 13.8 Ma, sample TE31 was $110°C, whereas sample TE36 was $46°C. Again, we calculated models assuming either a relief decrease or a differential motion due to faulting. Assuming a geothermal gradient of 35°C/km, the deflection of the 110°C isotherm corresponds to 3.1 km (Figure 5d ). Varying the geothermal gradient between 40°and 30°C/km, the vertical deflection ranges from 2.9 to 3.4 km. In the fault model, the increasing trend of ages from southwest to northeast suggests possible normal movement along a fault with footwall tilt resulting from flexural unloading as shown in Figure 5e .
[21] The calculation above demonstrates that either of the two hypotheses could potentially explain the age differential. The fault hypothesis supports that extensional faults might have been active also at shallow depths, under brittle conditions, and they might have produced significant offsets of the order of 3 -4 km. The relief-decrease hypothesis is viable, but the fact that the thermal perturbation decreases exponentially with depth [Turcotte and Schubert, 1982] and that there is perturbation of even the deep ZFT closure isotherm (236°C) suggests that this effect must be large. This implies either differential erosion due to very high surface relief, much higher than 3 km in the Tenda massif and than 4 km in the St. Florent region, or a geothermal gradient higher than 40°C/km required to attain the higher deflection at depth. We can test the relief-decrease model with the numerical analysis of the topographic perturbation effect as given in the solution by Mancktelow and Grasemann [1997] . This will be discussed in the next section. Moreover, further constraints to test both models can be derived from geological data (see section 3.4).
Influence of Topographic Relief
[22] The effect of thermal disturbance related to advection and topography can be quantified using the steady state solution of Mancktelow and Grasemann [1997] . This analytical solution derives the convex-concave shape and the depth of the isotherms as a function of the amplitude (2H 0 ) and wavelength (l) of topography, the background thermal structure of the crust and the erosion rate during cooling. Thus this solution enables us to quantify the relative deflection of the isotherms which can be described as d, where d = (Z v À Z r )/2H 0 and Z v and Z r are depths to the isotherm (with respect to the mean elevation) beneath valley and ridge, respectively.
[23] Parameters for the calculations and the most significant results are reported in Figure 6 and briefly described below. The wavelength of topography used for calculations range between 10 and 20 km consistent with the present topographic relief in northeastern Corsica which is characterized by a l on the order of 15 km (Figure 7) . Given that since middle Miocene no major tectonic events are thought to have occurred in the area, and that at present the Miocene basins still lie in topographic lows, l has likely remained constant at least since the early Miocene. However topographic amplitude might have changed significantly, thus calculations have been performed with (1) a 2H 0 value of 1500 m, consistent with the present amplitude of topographic relief in the study area and (2) a 2H 0 value of 3000 m which represents the case of the high early to middle Miocene relief as predicted by the relief-decrease model (see section 3.2). The erosion rate assumed for calculations has been derived from the direct conversion of a cooling rate of $40°C/Myr to !1 km/Myr assuming a constant geothermal gradient of 35°± 5°C/km. Parameters concerning the thermal structure of the crust in Corsica have been derived from previous studies on the present heat flux and rheology of the Western Mediterranean [Pasquale et al., 1997 [Pasquale et al., , 2002 Verdoya et al., 1998 ]. The inferred geothermal gradient varies between 30°and 40°C/km to a depth of 10 km as shown in Figure 6 . The deflection values d for the ZFT closure temperature (Tc) isotherm is lower than 0.3 indicating that this isotherm is only slightly affected by topographic bending whereas for the AFT Tc isotherm d range between 0.2 and 0.5 ( Figure 6 ). These d values for the AFT Tc isotherm correspond to depth differences below the ridge and below the valley ranging between 340 and 680 m for a 2H 0 of 1500 m, and between 720 m and 1450 m for a 2H 0 of 3000 m. The d values for the AHe Tc isotherm could be determined only for a 2H 0 of 1500 m, and in this case they range between 0.5 and 0.7 corresponding to depth differences around 900 m. For a 2H 0 of 3000 m, the AHe Tc isotherm is strongly bent and lies at very shallow depths. In this case, the Mancktelow and Grasemann solution does not provide a reliable d estimate because the isotherm depth can be calculated only when the isotherm is significantly deeper than the mean elevation (y = 0, Figure 6 ). Thus the d values obtained can be regarded as meaningful only for the closure isotherms for AFT and ZFT, and for the AHE Tc isotherm solely in the low-relief case.
[24] The differential isotherm elevation for the AFT Tc and ZFT Tc obtained through the two-dimensional analysis of topographic disturbance are much lower than those predicted from the one-dimensional relief decrease model discussed in section 3.2. In fact, the one dimensional model suggests that the data require differential elevation on the closure isotherms of the order of 3 -4 km for the ZFT isotherm in the St. Florent case and a similar value for the AFT isotherm in Tenda massif case. The two-dimensional modeling shows that this can be attained only with very large amplitude topography.
Constraints From Geologic Data
[25] The models discussed in section 3.2 have been compared with results of the thermal perturbation analysis based on a topographic relief with a wavelength between 10 and 20 km, and an amplitude between 1500 and 3000 m. The topographic wavelength in northeastern Corsica has likely remained constant from the early Miocene to the present whereas topographic amplitude might have changed significantly, and the relief-decrease model suggests that the present inverse age-elevation relationship might be related to some extent to the deflection of the isotherm due to the differential erosion associated with a reduction of a very high relief during the early-middle Miocene. Geologic data relative to the Miocene tectonic deformation and to fluvial adjustments inferred from the provenance of alluvial sediments in the study area provide further constraints on the thermal problem which has been so far investigated mostly on the basis of cooling ages alone.
[26] In the St. Florent region, the Nebbio and the HP Alpine units are separated by a west dipping Alpine contact reactivated as an extensional fault under ductile-to-brittle conditions [Jolivet et al., 1998 ]. During the early to middle Miocene, shallow water sediments were deposited above the Nebbio unit in the St. Florent basin, which is bordered and dissected by syn-to postsedimentary extensional faults [Ferrandini et al., 1998; Jolivet et al., 1998; Fellin et al., 2005] . There are three primary source regions for pebbles in the St. Florent Miocene sediments: a local one providing subangular pebbles from the Nebbio and the HP Alpine units, and two distal ones supplying rounded rhyolite pebbles from the Hercynian basement and rare orthogneiss likely from the Tenda crystalline massif. This indicates that there was some relief where these units were exposed, and that the local source regions likely formed the shoulders of the basin (Figure 8 ). Thus extension was active during the early to middle Miocene.
[27] The Tenda massif is located between the St. Florent basin to the east and the Hercynian basement to the west/ southwest. Cooling ages and provenance of pebbles in the (c) Diagrams showing the convex-concave shape of specific isotherms at depth as determined for relief with a wavelength (l) ranging between 10 and 20 km and an amplitude (2H 0 ) of 1500 and 3000 m. The isotherms correspond to the closure temperature (Tc) isotherms for the fission track dating systems on zircon (ZFT) and apatite (AFT) and for the (U-Th)/He system on apatite (AHe). Closure temperatures have been inferred following Brandon et al. [1998] and correspond to $60°C for the AHe system, $110°C for the AFT system, and $236°C for the ZFT system. Variable d describes the deflection of the isotherms and corresponds to (Z v À Z r )/2H 0 , where Z v and Z r are depths to the isotherm (with respect to the mean elevation) beneath valley and ridge. Given that depths are calculated with respect to the mean elevation (y = 0), the isotherms at levels shallower than the mean elevation cannot be determined from this solution (e.g., the AHe Tc isotherm with a 2H 0 of 3000 m). In this case the shallowest isotherms are considered approximately parallel to the topographic surface, and their depth is determined as a function of erosion rate and heat production (see shaded dashed lines).
Miocene sediments indicate not only that during the early to middle Miocene the Tenda massif was exposed at surface, but also that its relief was not high enough to obstruct the alluvial supply from the Hercynian basement (Figure 8 ). At present no detritus from the Hercynian basement reaches the St. Florent basin, and the top of the St. Florent succession dates back to middle Serravallian, thus relief likely increased, rather than decreased during the late Miocene (Figure 8 [Orszag-Sperber and Pilot, 1976] ). Moreover, the Tenda massif is in contact to the west with the Balagne unit, and this contact is a west-southwest dipping Alpine fault reactivated under an extensional regime as did the fault between the Nebbio and HP Alpine units. Geologic data indicate that (1) during the early to middle Miocene the Tenda crystalline massif was bordered on the west by an extensional fault and it was uplifting but (2) its relief was relatively low at least until middle Serravallian. This low relief suggests that the early to middle Miocene topographic amplitude might have been lower than the present day implying deflection values lower than those calculated in section 3.3.
[28] We can conclude that geologic and thermochronologic data support an early to middle Miocene high cooling rate which is related to erosion and to tectonic denudation in response to rock uplift driven by the extensional tectonics under a thermal regime characterized by a high geothermal gradient. We can envisage, also, that the interaction of these processes produced significant thermal perturbations reflected in differential cooling rates and ages. Moreover, geologic evidence does not support the hypothesis that early to middle Miocene topographic thermal perturbations in northeastern Corsica might have been related to the presence of a high relief formed earlier.
Exhumation Rate and Relief Evolution
[29] Time-temperature paths indicate that high cooling rates up to $40°C/Myr affected much of northern Corsica until $14 Ma (Figure 3 ). After this, cooling rates decreased to less than $7.5°C/Myr (Figure 3) , although the data cannot distinguish between a gradual or an abrupt rate decrease. Converting cooling rates directly to exhumation rates through a constant geothermal gradient, we obtain early to middle Miocene exhumation rates !1 km/Myr, although these rates should be corrected for the effect of topographic perturbations. High exhumation rates during the early to middle Miocene are also suggested by the detrital AFT age derived from the pebble sample, likely from the Tenda massif, deposited in the St. Florent basin at $16.5 Ma [Fellin et al., 2005] . The resulting lag time, as defined by Garver et al. [1999] , is of about 1.7 Myr and documents rapid exhumation at a rate of about 1.5 km/Myr. High early to middle Miocene exhumation rates are in contrast to rates less than 0.2 km/Myr after 14 Ma, based on large AFT-AHe age differences for samples with late Miocene ages.
[30] The provenance of pebbles in the Neogene basins of Corsica provides some constraint on the river network evolution which is related to the evolution of relief. In the Francardo basin, early to middle Miocene alluvial deposits comprise pebbles and blocks exclusively from the Hercynian basement (Figure 8 ). As discussed above, provenance data from the St. Florent basin document an important change in river drainage, probably in the late Miocene. In Figure 8 . Paleogeographic sketch maps of Corsica based upon the different source areas of pebbles in the Miocene marine shallow water sediments, which are interfingered with alluvial deposits and at present are located onshore.
the Aleria succession, the appearance of pebbles of Alpine provenance in the early Messinian units has been interpreted as related to the subaerial exposure of the Alpine units during Tortonian (Figure 6 [Orzsag-Sperber and Pilot, 1976; Caron and Loÿe-Pilot, 1990; Loÿe-Pilot et al., 2004] ). These data indicate that significant changes of relief likely occurred during Tortonian when the exhumation rates were low over the study area. They also suggest a possible correlation between changes of relief and compressional deformation inferred to have occurred during the middle Serravallian to Tortonian [Fellin et al., 2005] . Finally, they indicate that the high-grade Alpine units have been exposed at least locally since the Burdigalian, and that the paleogeography of exposed bedrock units did not change significantly after the late Miocene.
Incision Rate
[31] Radioisotopic data alone are not able to constrain topographic evolution over short timescales. However, a comparison of spatial distribution of direct or indirect measures of erosion at distinctly different timescales gives some indications about the evolution of a landscape [Pazzaglia and Brandon, 2001; Burbank, 2002] .
[32] Toward these ends, we use values of incision rates obtained by strath terrace heights above bedrock channels as described by Pazzaglia and Brandon [2001] . This method is based on the assumption that there is no lag time between the cutting of the strath and the deposition of the overlying strath terrace.
[33] West of the Marana plain, the Golo river flows over the bedrock in a narrow valley where 2-to 5-m-thick relics of alluvial deposits lie on top of strath surfaces (Figure 9 ). Exposure conditions allow only local correlation of the alluvial deposits along the valley with those in the plain. Alluvial deposits of the Golo river in the Marana plain have been subdivided in seven units (N1 to N7) by Conchon [1977 Conchon [ , 1978 . The N4 deposits have been correlated to the oxygen isotopic stage (OIS) 5a on the basis of interbedding relations with marine sediments and oxygen isotope analyses of planktonic foraminifers from cores offshore Corsica [Conchon, 1985 [Conchon, , 1986 ]. Thus we assign an age of 80-90 ka [Martinson et al., 1987] to the N4 unit. The weathering degree and the relative stratigraphy of the alluvial deposits indicate a possible correlation between the N3 unit and the upper OIS 6, dated between 150 and 130 ka, and the N2 unit might have a minimum age of 190 ka based on the correlation with the OIS 7a.
[34] The height of the strath was obtained from 1:25,000 topographic maps by IGN of France, and elevations were checked in the field using an altimeter with a two standard error precision of 5 m. Despite the many uncertainties about the age of the straths and the precision of measurements, the resulting incision rates vary in a relatively narrow range between 0.2 and 0.4 km/Myr over the past 10 5 years. Figure 8 shows that the incision rates are significantly higher than the exhumation rates inferred for the last $15 Ma from AFT and AHe thermochronology.
River Profiles
[35] Channel and valley profiles of rivers vary their shape through time in order to reach a balance between denudation and rock uplift [e.g., Pazzaglia et al., 1998 ]. For the channel profile the river length is measured along the channel thalweg; for the valley profile the elevation of the valley bottom is projected to a vertical plane oriented along the valley axis. Channel and valley profiles differ in that the overall channel profile shape reflects the distribution of stream power along a channel, whereas the valley profile is the result of fluvial landscape evolution and records geomorphic evolution over longer timescales than the channel profile. A regular valley profile can be reproduced by a power law, i.e., the theoretical profile of a steady state erosional river [Sklar and Dietrich, 1998; Snyder et al., 2000] . The comparison between the valley profile shape and the theoretical profile permits us to identify profile irregularities which might be related to spatial variations of rock uplift rates and/or to a transient state of the fluvial landscape. Long profiles exhibit large convexities primarily in tectonically active settings, particularly in the presence of resistant rock types or local active structures, and to a lesser extent in tectonically stable setting where precipitation is highly variable.
[36] Channel and valley profiles of three main rivers of northeastern Corsica have been plotted and fitted by a power law to identify profile irregularities.
[37] 1. The Golo river drains the most elevated area of Corsica culminating in Mt. Cinto (2706 m; Figure 10a ). The western southwest-northeast Golo segment cuts through Hercynian rocks of similar erosional resistance. The S-N segment flows along the Hercynian/Alpine contact, and the eastern segment incises the various Alpine units (''Schistes Lustrés'' s.l.). The channel lies above alluvial deposits in the Marana plain. The transition from bedrock to alluvial channel is abrupt and is located to the east of a main brittle extensional paleofault, WNW/NW trending. Upstream of this fault, the river incises narrow meanders in the bedrock and the valley profile shows marked irregularities. This relation suggests a possible recent reactivation of the fault or the presence of lithologic discontinuities. The valley profile shows two main irregularities: (1) a convexity coinciding with a high in the watershed profile along the western Golo segment and (2) a smooth convexity along the eastern Golo segment. These convexities are much larger in scale than the possible effects related to bedrock heterogeneities in the Alpine and Hercynian units.
[38] 2. The Fiume Alto river incises the ''Schistes Lustrés'' units ( Figure 10b ). The thickness of alluvial deposits along almost the entire length of the channel is estimated to be less than 3 m. Its profile is $30 km long and shows three different trends. Meanders incised in the bedrock are located at the margin with the Marana plain, and coincide with a major northwest trending structural lineament. Both valley and channel profiles show a broad convexity, larger in scale than irregularities related to lithologic differences. The eastern end of the convexity coincides with the incised meanders.
[39] 3. The Bevinco stream flows from the Tenda crystalline massif, through the ''Schistes Lustrés'' units, to the Marana plain with an overall WSW-ENE direction (Figure 10c ). Its profile is nearly 40 km long. The stream incises a canyon valley along its eastern segment. Along the channel, deposits with a significant thickness ($10 m) are present only over an area some tens of meters wide upstream from the canyon. The canyon coincides with a pronounced knickzone of the valley and channel profiles.
[40] The convexities of the three river profiles are not related to lithologic heterogeneity because their width is much larger than lithologic variations. Given the relatively constant areal distribution of rock types over the last $8 Myr, the convexities of river profiles in Corsica can be interpreted as possibly related to local variations of the rock uplift rate. The large-scale convexities of the Golo, Fiume Alto and Bevinco profiles are located along the north-south, Cap Corse -Bastia and Castigniccia range whose recent uplift is supported by leveling data [Lenôtre et al., 1996] . This range is a topographic and structural high delimited by polyphase brittle faults locally showing reverse reactivation that can be related to compressional deformation observed in the Pliocene-to-Quaternary sediments of the Aleria and Marana plains [Fellin et al., 2005] . This inferred compressional deformation has been attributed to the effects of far-field tectonic activity, and their occurrence suggest a possible relation to topographic perturbations. A potential relation between topographic perturbations and compressional deformation is also evident during the late Miocene (see section 3.5).
Conclusion
[41] Apatite (U-Th)/He and fission track ages from northeastern Corsica record rapid exhumation at rates greater than 1 km/Myr during the early to middle Miocene when the Corsica-Sardinia block was drifting off from southern France [Vigliotti and Langenheim, 1995] . There is an inverse relationship between elevation and thermochronometric ages observed in northeastern Corsica, which can be interpreted as being the result of early to middle Miocene extensional tectonics, however a contribution from topographic influence on isotherm depths cannot be excluded if relief were considerably larger in the early to middle Miocene. Detrital AFT ages and provenance of pebbles suggest that the relief of northern Corsica grew in response to extensional tectonics and exhumation during the Miocene. After the middle Miocene, erosion rates and bedrock incision rates decreased to less than 0.4 km/Myr. Thus the present topography of northern Corsica can be envisaged as a paleotopography that has been sustained over the last 14 Ma by low erosion rates. These low erosion rates are consistent with the lack of significant active tectonics and growth of topography, as expected for the study area. On the other hand, the low erosion rates over the last 14 Ma are in contrast with the high relief of Corsica. Our data suggest that the occurrence of short-term tectonic or geomorphic events may have perturbed topography and, at least partly, Figure 10 . Valley and channel profiles of three main rivers of northeastern Corsica, with their locations in the inset. Valley profiles are fit with a power law curve to mark the irregularities of the river profiles. The irregularities of the river profiles can be correlated with the topographic highs shown by the projection of the watershed along channel.
provide an explanation for this contrast. Evidence of these short-term events is supported by three different types of data. First, the provenance of pebbles in the Miocene deposits indicate that a major pulse of surface uplift in northeastern Corsica occurred soon after the middle Serravallian, thus after the decrease in exhumation rate. Second, bedrock erosion rates over 10 4 years are locally significantly higher than long-term erosion rates over 10 6 years. Third, comparison between theoretical and actual river profiles demonstrates that the stream power along three main fluvial systems of northern Corsica is not sufficient to create and maintain regular valley profiles. These events may be associated with compressional deformation related to farfield stress changes that affected the study area during the middle Serravallian to Tortonian and Pliocene to Quaternary times [Fellin et al., 2005] , that is during the same periods of time when the topographic perturbations are recorded. This suggests that the effects of relatively subtle tectonic activity may be detected through the comparison between long-term and short-term erosion rates, and by river profiles despite overall low long-term erosion rates. 15 n cm À2 . The standard glass CN-5 is used as a dosimeter to measure the neutron fluence. After irradiation, induced fission tracks in the low-U muscovite that cover apatite grain mounts and glass dosimeter are etched in 40% HF at 20°C for 40 min. Apatite fission track central ages (±1s [Galbraith and Laslett, 1993] ) are measured and calculated using the external detector and the zeta calibration methods with IUGS age standards [Hurford, 1990] .
A2. (U-Th)/He Dating
[43] Apatite (U-Th)/He ages were measured on single grains, and performed by Nd:YAG laser heating for He extraction and sector inductively coupled plasma mass spectrometry (ICP-MS) for U-Th determinations at Yale University. He was measured by 3 He isotope dilution using a quadrupole mass spectrometer following cryogenic purification. Uranium and Th were measured by 229 Th and 233 U isotope dilution using a Finnigan Element 2 inductively coupled plasma mass spectrometer. a-ejection was corrected using the method described by Farley et al. [1996] and Farley [2002] . Estimated 2s uncertainty is 6% for apatite He ages.
[44] Dated crystals were hand-picked from separates with high-power (160Â) stereo-zoom microscopes with cross polarization for screening inclusions. Selected crystals were measured and digitally photographed in at least two different orientations for a-ejection corrections. Crystals were loaded into 1 mm Pt foil tubes, which were then loaded into copper or stainless steel sample planchets, loaded into a $10 cm laser cell with sapphire window, connected by high-vacuum flexhose to the He extraction/measurement line. Once in the laser cell and pumped to <10
À7 -10 À8 torr, crystal-bearing foil tubes were individually heated for 3 min using power levels of 1 -5 W on the Nd:YAG. Temperatures of heated foil packets were not measured, but from experiments relating luminosity and stepwise degassing of apatite, we estimate typical heating temperatures of $950°C.
